The formation and breakdown of passive layers due to pitting corrosion are a major cause of failure of metal structures. The investigation of passivation and pitting corrosion requires two different electrochemical measurements and is therefore a time consuming process. To reduce time in material characterization and to study the interactions of both mechanisms, here, a combined experiment addressing both phenomena is introduced. In the presented electrolyte the different corrosion mechanisms are distinguished and investigated by cyclic voltammograms and polarization scans. The measurements show a passive area, metastable pit growth, and pitting corrosion as well as repassivation. The pitting corrosion is separated from additional dissolution processes and the standard deviation of the corrosion potential is smaller than in other electrolytes. Both passivation and pitting corrosion can be observed in one measurement without additional corrosion attacks. The deviation between different measurements of the same steel is small; this is helpful for the screening of similar materials.
Introduction
The broad range of existing corrosion phenomena can be investigated through numerous electrochemical methods. A great deal of different set-ups is known to study various material and corrosion parameters [1] , but the complex nature and the interactions between experimental factors, such as electrolyte composition or temperature and the different corrosion phenomena, like passivation, pitting corrosion or inhibitions, impede studying the single mechanisms separately.
Exploring large sets of samples requires high throughput methods that allow scanning a wide range of mechanical, physical, or chemical parameters. In corrosion science, high throughput methods are used to investigate wide fields of corrosion on different materials [2] , coatings [3] , corrosion phenomena such as corrosion inhibitors [4] , pretreatments [5] , and corrosion mechanism [6] like pitting corrosion [7] . Typically, each corrosion phenomenon measurement requires its own set-up. Polarization scans in aggressive media (containing halides), for instance, are performed to investigate pitting corrosion. In contrast to this, to study passivation processes, cyclic voltammograms are recorded in passivation promoting electrolytes.
Pitting corrosion is a localized attack on different materials like iron, chromium, nickel, cobalt, and stainless steel that results in deep pits in the material. These pits can lead to component failure or act as an initiation for cracking [8] . Particularly the passivated and technically essential austenitic steels can be affected by pitting corrosion. In an environment that favors pitting corrosion, halide ions or other components are present that lead to a breakdown of passivity on impurities and imperfections of the passive layers [9] . In the present manuscript we focus on chloride ions that are present in media such as seawater and pharmaceutical solutions, to force a breakdown of passivity.
The passivity of iron-based materials is caused by a formation of an oxide layer on the surface of the metal. A higher chromium content in the alloy leads to a more protective passive film through the formation of an interlinked chromium oxide network [10, 11] . The passive film is formed either by a spontaneous reaction or by (electrochemical) surface treatments, such as cyclic potentiodynamic polarization [12] . The protectiveness and thermodynamic stability of the passive layer depend on different aspects like temperature and pH-value [11, 13] . The passivation of iron is faster and better in environments with a high pH-value. In alkaline 2 International Journal of Corrosion solutions (pH > 11.5), the passivation of iron usually happens spontaneously [14] . The passive layer is commonly not thicker than a few nanometers and protects the metal surface against reactions with the environment. While the formation of passive layers is a crucial mechanism that prevents many construction materials from general corrosion, it makes the same alloys susceptible against pitting corrosion [8] .
The passive film formed on stainless steel consists of two parts, an inner chromium oxide layer and an outer ironoxide layer [15, 16] . If the chromium content is high enough, an interlinked chromium oxide network forms within the passive films and makes it insoluble [14, 17, 18] .
The breakdown of passivity can result from different mechanisms, from which the following three are mainly discussed in the literature [19] : in the penetration mechanism the aggressive ions (halide) penetrate through the passive layer at imperfections and react with the metal [20, 21] . According to the film breakdown mechanism, there are breaks within the film that give the halide anions direct access to the metal surface [22, 23] . The adsorption of aggressive anions on the oxide surface can lead to surface tension that results in additional breaks in the passive layer and allows anions to get in contact with the bare metal [24, 25] . The third mechanism assumes that the adsorption of the halides results in the transfer of metal cations from the oxide to the electrolyte. In this manner, the passive layer becomes thinner and is finally completely removed at certain points [26, 27] .
After pit initiation/breakdown of passivity pit growth occurs. Two types of pits are distinguished. At the beginning of pitting, metastable pits occur; these pits can be repassivated. Under certain circumstances (e.g., critical age [28] , pit characteristics [29] , and high external potentials) and when the potential difference between the active and passive region is high enough, stable pit growth starts.
To study different corrosion phenomena and mechanisms, sample preparation, sample design, choice of the electrolyte, and experimental setting play an important role [30] . So far, the investigation of passivation requires different electrolytes than the investigation of crevice corrosion or pitting corrosion.
A large amount of techniques exists to form and analyze the passive layers on stainless steel. As an electrochemical technique, cyclic voltammetry in different electrolytes (e.g., sulphuric acid [31] , borate buffer [11] , sodium chloride [32] , or phosphate buffer [12] ) is commonly used. The formation of a passive layer on iron requires an aqueous environment that favors the formation of an insoluble iron-oxide complex (e.g., by a high pH-value). In addition to electrolytes that show a clear passivation behavior, one can also use electrolytes that represent the application areas of the tested materials, for example, phosphate-buffered saline for medical use or concrete [33] . The peak current at the active-passive region, the passive current, and the beginning of the transpassive region are some values that are used to interpret the formation and stability of the passive layers. For information about the pitting corrosion resistance, potentiodynamic polarization curves in sodium chloride solution are usually performed. The corrosion potential corr , the pitting potential pit , noticeable by a rapid increase of the current density, and the repassivation potential r describe the corrosion behavior in aggressive media [25] .
Especially when the investigated materials only show slight differences, the statistical nature of corrosion phenomena makes clear statements about the studied materials difficult. In this paper, an electrolyte composition is described consisting of phosphate buffer and sodium chloride which makes it possible to investigate both passivation and pitting corrosion of steel alloys in one single measurement. In order to illustrate that differences between the analyzed alloys become much clearer in the proposed electrolyte compared to commonly applied electrolytes, we first investigated the mechanism separately: we performed cyclic voltammograms in pure phosphate buffer to depict the passivation and polarization scans in sodium chloride solution to describe the pitting corrosion processes. In a next step we compared this with CVs and polarization scans in phosphate buffer containing a specific amount of sodium chloride and underlined our findings with microscope recordings. This allows us to demonstrate the advantage of the proposed electrolyte using two stainless steels (AISI 304 and AISI 420) and a bearing steel with a very low chromium content (AISI 5210).
Experimental
The cyclic voltammetry measurements were done in 0.1 M phosphate buffer (pH = 7.5) and phosphate buffer containing different amounts of NaCl. The polarization scans were recorded in 3.5 wt.% NaCl solution and phosphate buffer containing 3.5 wt.% NaCl. All measurements were carried out at room temperature. A three-electrode cell was used for the experiments. A platinum electrode was used as counter electrode and a Ag/AgCl electrode as reference electrode. All potentials in this paper are referred to the Ag/AgCl electrode.
As working electrodes, we used three different standard alloys, with a 2-dimensional circular surface (10 mm diameter), all of them embedded in a Teflon holder. The chemical compositions of the working electrode materials were expected to be in the standard range (Table 1) .
Before each measurement, the working electrode was wet polished with SiC emery paper up to 2000 grit. Afterwards, the electrodes were sonicated in deionized water and degreased in ethanol.
The cyclic voltammetry measurements were carried out with a scan velocity of 100 mVs −1 from −800 mV to 1100 mV for different numbers of cycles. The potentiodynamic polarization scans were carried out with a scan velocity of 1 mVs
and started at −700 mV while ending at 700 mV. For all experiments, the PGU 2A-OEM potentiostat (IPS) was used.
Results and Discussion

Cyclic Voltammetry in Phosphate Buffer.
To understand the passivation behavior of the different alloys, we carried out cyclic voltammograms in 0.1 molar phosphate buffer. From the anodic and cathodic peaks as well as from the differences between the cycles and the different alloys, conclusions about the passivation process can be drawn. The peak location is related to the reacting species and the peak height to the International Journal of Corrosion 3 converted charge and mass, and the passive current density allows conclusions about the protectiveness of the passive layers. Figure 1 shows the first cycle of the cyclic voltammograms of the three alloys. The CVs display oxidation peaks for the iron and chromium species during anodic polarization and reduction peaks of these species during cathodic polarization. The peak heights are related to the chromium contents and thus also to the protectiveness of the passive layers.
The anodic polarization scan shows different oxidation peaks and shoulders and no passive area. Two peaks (A1 and A2) are of particular interest. The peaks A1 are associated with the oxidation of Fe(II) species to a Fe 3 O 4 /FeO hydrated layer that forms on a preexisting Cr(III) oxide network. The peaks A2 belong to the oxidation of Cr(III) to Cr(VI)-species. When the polarization direction changes, a small peak can be seen for the reduction of the Cr(IV)-species to Cr(III) oxide (C2) and at more negative potentials a peak (C1) is associated with the reduction of the Fe 3 O 4 /FeO layer to Fe(III) [11, 12, 35, 36] .
With increasing chromium content in the different alloys the oxidation peaks A1 decrease, while the oxidation peaks A2 increase. The area under the peaks is related to the transferred charge during the oxidation processes. The larger the area is the more the charge is transferred during the oxidation of the specific species. The same applies to the reduction peaks. There is nearly no passive region, but the current between peak A1 and peak A2 increases with decreasing chromium content. AISI 420 already shows rapid increase in current density which is related to dissolution and oxygen evolution beginning at 900 mV. The absence of a clear passive region reveals the lack of the protective passive layer formed in the first cycle.
At higher cycles, the oxidation/reduction peaks are better visible and the growth of the passive layer leads to a passive region. The height of the active/passive region and of the passive current density is connected to the ability to passivate (Figure 2) . Again, with increasing chromium content peak A1 decreases while peak A2 increases. The current density in the passive region is the lowest for AISI 304 (highest chromium content) and increases with decreasing chromium content, but the differences are small.
In the first cycle, the peaks are not clear and there is nearly no passive region. This indicates the absence of protection through the Fe 3 O 4 /FeO hydrated layer formed in the first cycle. At the first cycle the Cr(IV)-species is not interlinked in the Fe-oxide layer and soluble. The high oxidation peak A2 and the very small reduction Cr(IV)-reduction peak underline this. After the first cycles, the Cr(IV)-oxide gets "arrested" [12] (and insoluble) in the Feoxide and the protective passive layer is formed [14] .
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The small active/passive region, presented in Figure 2 , of AISI 304 and AISI 420 depicts a faster passivation than the much wider active-passive region of AISI 5210. However, the smaller anodic charge below A1 also means less reaction to form the passive layer. On the other hand, the larger Cr(III)-oxidation peak A2 indicates higher chromium content while the passivation improves. Interestingly, AISI 420 shows a transpassive region dedicated to the evolution of oxygen and the dissolution of iron which neither AISI 304 nor AISI 5210 show. An explanation of this behavior requires further information.
The cyclic voltammograms point out the general ability of the different alloys to passivate and form a protective passive layer on the surface of the materials. All alloys show passivation peaks and a passive region, but the differences between the passive current of AISI 304 and AISI 420 are very small.
Potentiodynamic Polarization Scans in NaCl Solution.
As stated above, in order to gather more information on the corrosion resistance, the stability and protectiveness of the passive layer, and pitting behavior additional experiments are necessary.
Polarization scans in sodium chloride solution were recorded to determine the characteristic corrosion potential corr and the pitting potential pit as well as the region of metastable pit growth. In combination with the CVs we were able to get more information about the interaction between passivation and pitting. Figure 3 shows the potentiodynamic polarization scans of AISI 304, AISI 420 and AISI 5210 in 3.5 wt.% NaCl solution. The corrosion potential corr increases with increasing chromium content. After passing the corrosion potential, AISI 5210 shows direct dissolution, noticeable by the rapid increase of current density. There is neither a passive region nor a region of metastable pit growth as for stainless steels. In contrast, AISI 304 and AISI 420 show metastable pit growth overlapped by an increase in current density related to constant metal dissolution. The region of metastable pit growth lies between the corrosion potential (AISI 304: −275.19 mV) and the beginning of stable pit growth (AISI 304: 37.95 mV). The characteristic potentials of the potentiodynamic polarization scans in NaCl are listed in Table 2 .
The polarization scans in sodium chloride disclose clear disadvantages: there is not a passive area to draw conclusions about passivation, nor is the pit growth separated by additional dissolution processes. Further, both stainless steels show similar corrosion potentials, although their corrosion resistance is quite different.
Cyclic Voltammetry in Phosphate Buffer with NaCl.
To overcome the mentioned limitations and in order to provide a better understanding of passivation processes, the breakdown of passivity, and corrosion characteristics, we suggest an electrolyte composition of phosphate buffer and sodium chloride. While polarizing in phosphate buffer, a more protective passive layer can form on stainless steel. By adding sodium chloride, the Cl − -ions in the electrolyte can force dissolution, breakdown of the passive film, and pitting corrosion. By adding different amounts of sodium chloride, stable pit growth and passivation processes are visible. With increasing amounts of sodium chloride, the dissolution due to pitting corrosion shifts to more negative potentials and the cathodic polarization curves change their appearance.
Additionally small amount of sodium chloride (0.2 wt.% and 0.3 wt.%) results in a slightly higher current density during the anodic polarization in the first cycles. The cathodic polarization curve also shows different behavior. By adding sodium chloride, anodic current is measurable during the beginning of the cathodic polarization. With an increasing amount of sodium chloride, the anodic current grows to a hysteresis (Figure 4) . The increase of anodic current matches the occurrence of stable pits during the anodic scan at high potentials. These pits can still grow during the cathodic polarization in regions of metastable pit growth [35, 37] .
At low sodium chloride concentrations, the anodic peaks are still visible for the oxidation of Fe-species to Fe 3 O 4 /FeO layers and Cr(III) to Cr(IV)-species and the equivalent reduction reactions. At higher NaCl concentrations (Figure 4 : 1 wt.% NaCl), the dissolution processes overlay the other reactions.
For a small amount sodium chloride, the shape of cycle 10 and cycle 20 is similar to the cycles without sodium chloride (compare Figure 5 protective passive layer against pitting corrosion, even in an aggressive environment.
The combination of phosphate buffer, an electrolyte that enhances passivation processes, and sodium chloride, which leads to pitting corrosion, shows both the passivation of the stainless steel and the growth of the passive layer as well as the breakdown of passivity and the growth of pits on the material surface. The good passivation behavior is also visible through the repassivation of the surface at higher cycles.
At higher amounts of sodium chloride it is more difficult to observe the passivation, because the passive area shrinks and the dissolution overlays characteristics of the cyclic voltammograms. For investigations of high amounts of sodium chloride in phosphate buffer on the passivation of different alloys, we used potentiodynamic polarization scans.
Potentiodynamic Polarization Scans in Phosphate Buffer
with NaCl. The advantage of showing both passivation and pitting corrosion is even more distinct for polarization scans in phosphate buffer containing 3.5 wt.% sodium chloride. The CVs already clarify that passivation and pitting corrosion can be separated. During the polarization scans, a clear passive region is visible. This region is followed by metastable pit growths, without further dissolution. At higher potentials the pitting potential pit is clearly separated from the other processes ( Figure 6 ). Similar to measurements in pure sodium chloride solution ( Figure 3 ) the corrosion potential corr increases with increasing chromium content. By adding phosphate buffer, the differences between the alloys become more obvious. After passing corr all three alloys display different behavior than in pure NaCl solution. Both stainless steels, AISI 304 and AISI 420, show a clear passive region. The passive current of AISI 304 is significantly lower than the passive current of AISI 420. After the passive region, a region of metastable pit growth is visible, followed by stable pit growth and metal dissolution, noticeable by a rapidly increasing current density.
All characteristic values for the potentiodynamic polarization scan in phosphate buffer with sodium chloride are listed in Table 3 . From the measurements it becomes clear that, in contrast to pure NaCl solution, there is passivation in phosphate buffer with 3.5 wt.% NaCl. The cyclic voltammograms already show that there are different passivation peaks in phosphate buffer. But even without multiple cycles through all potentials for the formation of the passive layers (multiple formations of Fe 3 O 4 /FeOH and an interlinked Cr(IV)-network with in the layer) a clear passive region is visible. During the anodic polarization of the working electrode the negative phosphate ions (PO 4 −3 ) adsorb on the electrode surface. Due to the competitive adsorption of the phosphate and chloride ions, less of the aggressive Cl − ions can reach the surface and the pitting potential pit moves towards positive potentials [38] .
While pit is higher in phosphate buffer containing sodium chloride the corrosion potential corr is more negative. This illustrates the thermodynamic equilibrium shifts towards the more negative potentials.
At polarization scans in phosphate buffer with additional sodium chloride the region of metastable pit growth is not overlaid by additional dissolution processes. In contrast to that, the region of metastable pit growth, when doing polarization scans in pure sodium chloride, is overlaid by additional dissolution processes. To verify these findings, we took microscope recordings of the surfaces after polarization scans and compared the corrosion attacks.
The polarization scan in pure sodium chloride solution leads to small pits and wide-area attacks (compare Figure 7) . This is in good agreement with the observations from Figure 3 where the region of pit growth is overlapped by general metal dissolution. The polarization scans in phosphate buffer with sodium chloride result in big pits surrounded by intact metallic surface and very small pits (Figure 8 ). The microscope recordings underline the potential of the electrolyte combination to separate the pitting corrosion from additional corrosion processes.
Determination of the Reliability of the Measurements.
In order to investigate different materials that differ only slightly from one another, it is essential that the deviations of measurements on the same materials stay small and values of different materials do not overlap. To ensure the workability of the electrolyte combination, we calculated the standard deviation of the corrosion potentials in pure NaCl solution as well as in phosphate buffer containing NaCl. Figure 9 shows the corrosion potentials and its standard deviation of AISI 304, AISI 420, and AISI 5210 for the two different potentiodynamic polarization scans. The corrosion potential for the polarization scans in pure NaCl solution is higher than in phosphate buffer containing NaCl. The standard deviation for the corrosion potential in phosphate buffer with NaCl is significantly smaller than in pure NaCl solution. This allows a better prediction about single corrosion behavior.
Conclusion
The polarization scans in phosphate buffer with sodium chloride uncover the ability of the material to be passivated and its susceptibility to pitting corrosion. In the case of pitting corrosion, the metastable pit growth is separated from International Journal of Corrosion 7 additional corrosion phenomena and can be investigated by itself. The microscope recordings underline these findings.
Just small differences between the corrosion potentials in sodium chloride solution are enlarged, and a clear passive region, a region of metastable pit growth, and an exact starting point for stable pit growth are visible. The standard deviation of the characteristic electrochemical values was significantly smaller than in pure NaCl solution. This is very helpful for the investigation of similar alloys while screening new materials.
The cyclic voltammetry in the electrolyte solution shows both the passivation of the surfaces and the pitting corrosion. The presence of the hysteresis is an additional sign for stable pit growth. After the first cycles, the shape of the scan changed and the last cycles resemble the last cycles in pure phosphate buffer. Hence, repassivation occurs even in the presence of aggressive ions and a surface treatment by cyclic voltammetry in phosphate buffer can enhance the pitting corrosion resistance. By adding a small amount of sodium chloride to the phosphate buffer, the examination of passivation and the breakdown of passivity and the repassivation become possible.
The suggested electrolyte composition is an easily applicable tool for the investigation of passivity and passivation breakdown. The ability to separate metastable pit growth from additional dissolution and the greater separation of the characteristic values in combination with a smaller standard deviation make it a promising electrolyte composition for material research in high throughput steel screening.
